molecular mechanisms of dendritic growth in the mature cortex in vivo, we generated mice with a conditional cortical deletion of the Pten tumor suppressor gene (Camk2a-cre +/-; Pten loxP/loxP ; Thy1-gfp). Our experiments were approved by the University of California Los Angeles Office for Protection of Research Subjects and the Chancellor's Animal Research Committee. Detailed methods are provided in Supplementary Methods online. Gene deletion increased exponentially between the fourth and eighth postnatal weeks in these mice ( Supplementary Fig. 1 online) .
We imaged pyramidal neurons in cortical layer 2/3 in their entirety in whole-mount brains of 3.5-4-month-old mice and reconstructed them in three dimensions (Fig. 1) . The apical dendrites of neurons in Pten -/-mice were much longer (Fig. 1a ,c,e) and more tortuous (Fig. 1a ,f) than those in controls. Total apical arbor length was, on average, 1.6 mm longer in Pten -/-mice than in controls, representing an approximately 80% expansion of the apical dendritic tree relative to normal (total arbor lengths, Pten -/-: 3.1 mm, 3.2 mm, 4.6 mm; wild type: 1.5 mm, 2.1 mm, 2.4 mm). Notably, basal dendritic length (Fig. 1g) and tortuosity ( Fig. 1h ) of these same neurons were not measurably affected by Pten deletion. In addition, we did not find any significant difference in spine density between the two groups (density: 7.3 ± 0.8 spines per 10 mm in controls versus 7.5 ± 0.9 spines per 10 mm in Pten -/-, P ¼ 0.29, n ¼ 1,798 spines in control and 1,989 in Pten -/-mice). All imaged neurons in Pten -/-mice showed signs of robust apical dendritic growth.
To examine the kinetics of apical dendritic growth, we repeatedly imaged these dendrites in vivo (Fig. 2) . Imaging began at 7 or 8 weeks of age, when cortical Cre expression was rapidly increasing in cre +/- mice ( Supplementary Fig. 1 ). Consistent with previous reports 6 , the apical dendrites of layer 2/3 neurons in control mice (n ¼ 59 dendrites from 4 neurons in 3 mice) were quite stable when imaged over a 1-month interval (Fig. 2a,c) . Although small elongations and retractions were observed, these amounted to a net loss of only 1-2% of apical dendritic length.
In Pten -/-mice, the apical dendrites of pyramidal neurons imaged at 7 or 8 weeks of age were not measurably different from those in agematched controls (terminal branch point lengths: 91 ± 46 mm in controls, 104 ± 52 mm in Pten -/-, P ¼ 0.239; tortuosity: 1.15 ± 0.11 in controls, 1.19 ± 0.14 in Pten -/-, P ¼ 0.20), nor was there any significant difference in spine density between the two groups (control, 5.7 ± 0.7 spines per 10 mm; Pten -/-, 5.5 ± 1.4 spines per 10 mm; P ¼ 0.66). Over the next month, these apical dendrites grew hundreds of microns, expanding the apical arborizations by 24% to 62% per imaged neuron (Fig. 2b,c) . Again, this apical dendritic growth occurred in every layer 2/3 pyramidal neuron that we were able to locate in Pten -/-mice. This growth always occurred from the tips of existing dendrites and was characterized by the presence of filopodia-like protrusions at the growing tips (Fig. 2d) . Spine density over the first 150 mm of any newly grown dendrite was not significantly different from that along the original dendritic regions of these same neurons (P ¼ 0.26) or in controls (P ¼ 0.21). However, spine density was significantly reduced along more distal dendritic regions (P ¼ 3.6 Â 10 -6 ; Fig. 2e ). This new spine growth resulted in the addition of between 220 and 404 spines per imaged neuron. These newly formed spines were extremely labile; spine formation and elimination along newly grown dendrites was approximately twofold greater than that along pre-existing dendritic regions or on dendrites in control mice (Fig. 2f) . This rate of growth and elimination is similar to that observed during early postnatal development, when cortical circuits are refined by activity and experience 9 .
Dendritic regions with spine densities of less than 2 spines per 10 mm ultimately retracted. This retraction was often associated with the presence of large swellings near the dendritic tips that were similar in appearance to 'retraction bulbs' that have been described at the tips of retracting motor axons 10 ( Supplementary Fig. 2 online) . Thus, it appears that synaptic innervation, or at least the presence of spines, is required for the maintenance of newly grown dendrites in mature cortex, much as in developing cortex 2 .
Pten deficiency leads to increased activity of the mTOR kinase and a concomitant increase in the activity of S6 kinase ( Supplementary  Fig. 1 ), resulting in increased protein translation and cell growth 11 . Daily intraperitoneal injections of rapamycin antagonized cortical mTOR signaling in vivo (Fig. 3a,b) and completely prevented the robust dendritic growth that was normally seen following Pten deletion (Fig. 3c) . In control mice, rapamycin had no effect on dendrite length (Fig. 3c) or spine kinetics (Fig. 3d) , indicating that the effects of rapamycin are specific to growing dendrites.
Having shown that rapamycin prevents dendritic growth, we next investigated how rapamycin affects growing dendrites. To examine this, we carried out an in vivo wash-in experiment. Dendrites were first imaged weekly for 4 weeks (postnatal weeks (PW) [8] [9] [10] [11] . At the period of most rapid growth (PW11 in this mouse), we began rapamycin treatment. Imaging continued weekly for 4 additional weeks (PW12-15). At 1 week after the onset of treatment, all dendritic growth had stopped (7 of 7 imaged dendrites) and all filopodial protrusions were gone (Fig. 3e) . Rapamycin also reduced spine density on the newly grown dendrites (Fig. 3f) by inhibiting spine gain (Fig. 3g) . Prolonging rapamycin treatment did not reverse dendritic growth (Fig. 3e) . Mild growth resumed when rapamycin was withdrawn.
Notably, the apical dendrites of layer 5 pyramidal neurons in Pten -/-mice showed no measurable differences in dendritic growth, spine density or spine kinetics relative to controls. Laser-capture quantitative real-time PCR and immunostaining confirmed the absence of Pten RNA and protein in layer 5 pyramidal neurons in Pten -/-mice. Rapamycin had no measurable effect on these neurons in control mice or in Pten -/-mice. These data ( Supplementary Fig. 3 online) suggest that Pten/mTOR signaling does not regulate dendritic growth of layer 5 pyramidal neurons at this age. We draw three major conclusions from this study. First, dendrites in mature cortex retain the capacity for large-scale growth. Second, growing dendrites appear to behave much like dendrites in younger cortex. Third, the regulation of this growth by the Pten/mTOR signaling pathway is restricted to layer 2/3 apical dendrites in mature cortex. Finally, our results suggest that growth-promoting pathways are constitutively active in adult cortical neurons; the growth that we observed was not induced by activating a dormant growth pathway, but by removing a barrier to an active pathway. 
